Several small alkylammonium ions can eliminate, or even reverse, the usual dependence of the DNA transition temperature on base composition. For example, in 3 M tetramethylammonium chloride, or 2.4 M tetraethylammonium chloride, DNAs of different base compositions all melt at a common temperature, and with a greatly decreased breadth of transition reflecting only the sequence-independent components of melting cooperativity. At still higher concentrations of such additives, dG-dC-rich DNAs melt at lower temperatures than dA dT-rich molecules. Circular dichroism spectra show that these additives alter the structure of the DNA double helix very little at room temperature. This differential (base-specific) effect on helix stability is investigated with several small additives related to the tetraalkylammonium ions. Additives larger than tetraethylammonium ion have little differential effect on helix stability. Preferential binding of ions to dA dT base pairs, requiring fit into a "groove" of DNA, is consistent with these data and with equilibrium binding studies. These differential effects can be distinguished from general destabilizing effects, which are independent of specific features of macromolecular conformation or chemistry. Possible experimental uses of this ability to alter the base-composition-dependent components of the stability of the DNA helix are discussed, as well as the insight this phenomenon provides into the molecular basis for the differential stability of dA * dT and dG * dC base pairs.
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The differential stability of dA-dT and dG-dC base pairs and, thus, of segments of native DNA differing in base composition, may be critical to several of its biological functions, i.e., DNA-protein recognition mechanisms in processes such as transcription, recombination, etc. (for a recent review see ref. 1). These stability differences have also had practical consequences for biochemists and molecular biologists, who have used differences in melting temperature (Tm) as a measure of DNA base composition (2) . They have used preferential melting of dA dT-rich sequences to physically map bacteriophage and bacterial chromosomes (3) and to fractionate DNA molecules by thermal elution chromatography (4) . On the other hand, base sequence heterogeneity has complicated the theoretical interpretation of melting transitions of nucleic acids and the analysis of other aspects of nucleic acid structure in solution (5) , in particular making it very difficult to separate sequence-dependent effects from intrinsic (sequence-independent) structural contributions to the cooperativity of melting of the DNA helix.
For the design of experiments in which differential stability of base sequences can be manipulated as an experimental variable, it is necessary to establish aqueous solvent systems in which the differential stability of dA-dT and dG-dC base pairs can be altered with a minimum of disturbance of the other properties of the native DNA helix. Certain solvent additives, such as methanol (6) and several inorganic salts (7), decrease the dependence of Tm on DNA base composition (dTm/dXGC). However, these additives also alter the stability and structure of DNA at room temperature (6-8).
The immediate impetus for the present work came from the observation (9) that tetramethylammonium chloride (TMACl) and tetraethylammonium chloride (TEA-Cl) bind preferentially to dA dT-rich DNA. If this binding were preferential for double-stranded DNA, it should stabilize dA-dT-rich regions, decreasing dTm/dXGC. This paper reports preliminary findings with several aqueous solvent systems containing small alkylammonium ions, some of which can reduce dTm/dXGC to zero or to negative values with little or no effect on over-all DNA structure, and, in some cases, without appreciably altering the "general" stability of the native DNA helix.
MATERIALS AND METHODS
DNA was purchased from Worthington (calf thymus and Clostridium perfringens) or from Miles (Aiicrococcus luteus). The DNA was dissolved in and dialyzed against 0.1 mM Na-EDTA (pH 7) and then into 0.1 mM Na-phosphate (pH 7 Table 1 demonstrate that, while TMA-Cl has only a strong differential effect, TEA-Cl is also a general destabilizer.
To investigate the size, shape, and charge requirements for the differential destabilizing effect of these additives, we examined several related compounds (Table 1) . TPA-Br strongly destabilizes DNA, but has little effect on dTm/dXGC. This result is consistent with the finding (9) that, unlike TMA+ and TEA+, tetrabutylammonium ion is not preferentially bound by dA-dT-rich DNA. All of the other ions in Table 1 As expected, all solvent additives that decrease dTm/dXGC also decrease the breadth (AT(3/4-1/4)) of the melting transition, while additives that increase dTm/dXGC (e.g., NaClO4) also increase AT(3/4-1/4). This correlation is demonstrated graphically for calf-thymus DNA in Fig. 3 , showing that AT(3/4-1/4) passes through a minimum of about 1.00 for calf-thymus DNA (and of about 0.50 for bacterial DNAs; data not shown) atdTm/dXGC = 0. Fig. 4 shows the CD spectra for DNA in several salt solutions. As previously observed by others (8), high concentrations of NaCl appreciably alter the conservative CD spectrum characteristic of the B form of DNA in dilute salt solution. 5 M NaClO4 causes even more change; and 2.5 M Cs2SO4, predicted from Fig. 2 The fact that the T. in TEA-Cl is about 300 lower than in TMA-Cl at concentrations for which dTm/dXGC is zero shows a general destabilization mechanism that is independent of the composition-dependent effects reflected in altered values of dTm/dXGC. Table 1 shows that increasing the length of the alkyl side-chain of the tetraalkylammonium ion increases its molar effectiveness as a general destabilizer. Similar observations have been made on the effects of these ions on the thermal stability of the globular protein ribonuclease (11) . Several experiments have shown that these general destabilizing effects are independent of the details of macromolecular chemistry and conformation (for reviews see ref. 12 ), but depend on solvent-additive-induced changes in the free energy of transfer of the monomer components from a nonaqueous to an aqueous milieu. Thus, the relative effectiveness of these agents as destabilizers of the DNA helix is roughly paralleled by their effectiveness in increasing the solubility of the individual nucleotide bases in aqueous solution. As expected from the base-composition-independent nature of the effect, the magnitude of these increases in solubility is essentially independent of base type (ref. 13; unpublished data from this laboratory).
The mechanisms whereby these additives alter the relative stability of the dA dT and dG dC base pairs is evidently quite different. Thus, both NaCIO4 and TEA-Cl are general destabilizers; but NaClO4 increases dTm/dXGC, while TEA-Cl decreases this parameter. The "equalization" effect of the smaller alkylammonium compounds could be attributed to preferential binding, either to native dA-dT-rich sequences or to denatured (unstacked, single-stranded) regions rich in dG and dC. Both the results of Shapiro et al. (9) , who showed preferential binding of TMA+ and TEA+ to dA. dT-rich native DNAs, and the size criterion mentioned above, i.e., the abrupt loss of the effect (between TEA+ and TPA+) with increasing ion size, support the former interpretation and suggest preferential binding of these compounds in the grooves of DNA at dAd dT base pairs. Comparison of CoreyPauling-Koltun models of the various additives with a model of double-helical DNA suggests that TMA+ and TEA+ fit well into the grooves of the DNA structure, while TPA+ is too large to be easily accommodated. Piperidinium ion, which is not very effective in stability equalization, fits into the grooves easily, but is too small to make much contact with the DNA. All the other effective compounds are smaller than TPA+. Compounds with structural similarities [e.g., that substitution of dU for dT in native DNA (i.e., loss of the methyl group on the 5-position of dT) has little effect on the preferential binding of TMA+ or TEA+.
We have attempted to induce equalization using uncharged molecules of structure comparable to the effective ions, but so far without success. (Figs. 1 and 3 ; Table 1) as dTm/dXGC goes to zero are of considerable theoretical and structural interest, since under conditions of total equilization the breadth of the transition represents only sequenceindependent aspects of cooperativity. In principle, this result should make it possible to introduce sequence-dependent and sequence-independent parameters separately into helix-coil calculations, with a great increase in tractability and consequent molecular insight. (These aspects will be considered elsewhere; Melchior and von Hippel, in preparation.) Solvent systems capable of altering the dependence of DNA stability on base composition not only find application in the study of DNA structure, but also present intriguing possibilities for the study and manipulation of the behavior of DNA in areas ranging from denaturation mapping of genes by electron microscopy (3) to interactions with proteins of biological interest (1) . However, the solvent systems reported in this work may not be ideal for all such purposes. Even though the conformation of the DNA helix is not appreciably altered, these solvent systems are quite concentrated and viscous, and have high ionic strength. Efforts are being continued to find perturbants that will minimize some of these problems.
